An essential part of visual perception is the grouping of local elements (such as edges and lines) into coherent shapes. Previous studies have shown that this grouping process modulates neural activity in the primary visual cortex (V1) that is signaling the local elements [1] [2] [3] [4] . However, the nature of this modulation is controversial. Some studies find that shape perception reduces neural activity in V1 [2, 5, 6] , while others report increased V1 activity during shape perception [1, 3, 4, [7] [8] [9] [10] . Neurocomputational theories that cast perception as a generative process [11] [12] [13] propose that feedback connections carry predictions (i.e., the generative model), while feedforward connections signal the mismatch between top-down predictions and bottom-up inputs. Within this framework, the effect of feedback on early visual cortex may be either enhancing or suppressive, depending on whether the feedback signal is met by congruent bottom-up input. Here, we tested this hypothesis by quantifying the spatial profile of neural activity in V1 during the perception of illusory shapes using population receptive field mapping. We find that shape perception concurrently increases neural activity in regions of V1 that have a receptive field on the shape but do not receive bottom-up input and suppresses activity in regions of V1 that receive bottom-up input that is predicted by the shape. These effects were not modulated by task requirements. Together, these findings suggest that shape perception changes lower-order sensory representations in a highly specific and automatic manner, in line with theories that cast perception in terms of hierarchical generative models.
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Results
The role of early visual regions during shape perception is ill understood, with some studies reporting activity suppression due to grouping [2, 5, 6] while others report enhancement [1, 3, 4, [7] [8] [9] [10] . According to theories that cast perception in terms of hierarchical generative models [11] [12] [13] , neural activity in lower-order sensory regions is dependent both on whether it is driven by sensory stimulation and whether this stimulation is predicted on the basis of top-down feedback signals. In this framework, early visual neurons that do not receive any bottom-up input, but that are predicted to be active because a shape is inferred at their receptive field location, are expected to show relatively enhanced neural activity [3, 4, 8, 9] . On the other hand, early visual neurons that receive bottomup input that is congruent with the shape prediction are expected to show a relatively suppressed response [2, 6, 14] .
Here, we directly test this framework within the context of illusory shape perception.
Illusory shape perception provides an ideal test bed, as the illusory shape results in both unexpected absence of visual input (at the location where the shape is perceived but retinal input is absent) and expected presence of visual input (at the location where the shape provides an explanation for the bottom-up input). We made use of the well-known illusory ''Kanizsa'' shapes [15] , wherein circles with missing wedges (''Pac-Man'' inducers) are aligned such that they can induce the perception of an illusory figure ( Figure 1A ). Using fMRI and population receptive field mapping [16] , we quantified the spatial profile of neural activity in early visual cortex while subjects (n = 20) were presented with stimuli that either did ( Figure 1A ) or did not ( Figure 1B ) induce an illusory figure. Moreover, to examine whether effects of shape perception were dependent on attention, we manipulated the focus of subjects' attention. In half of the trials, subjects had to detect the presence of an occasional illusory diamond (''figure task''; Figure 1C ), placing their attentional focus on the location of the illusory shapes. In the other half of the trials, subjects had to detect two target letters (X and Z) in a rapidly presented letter stream at fixation, drawing their attention away from the illusory shapes (''letter task'').
Below, we present the spatially specific responses to these stimuli in early visual cortex in two different ways. First, we estimated the population receptive field (pRF) [16] of every voxel in early visual cortex (see Figures S1A-S1C and Supplemental Experimental Procedures available online) and used this information to transform the blood oxygen-level-dependent (BOLD) signal into the reference frame of subjects' visual field of view ( Figure S1D ; Supplemental Experimental Procedures). Second, we selected groups of voxels based on the location of their receptive field and averaged over the BOLD signal measured in such voxels. In this way, we obtained separate estimates of neural activity in regions of primary visual cortex (V1) corresponding to the area of the visual field where the illusory triangles were presented (''figure region'') and regions corresponding to the Pac-Man inducers (''inducer region''; see Supplemental Experimental Procedures for details of voxel selection). These analysis strategies are complementary: while the first method allows for a characterization and visualization of neural activity concurrently for all parts of visual space, the second approach is more standard and more easily allows for statistical quantification of the experimental effects.
Reconstruction of Neural Response to Illusory Figures
We reconstructed the neural response evoked by illusory figures ( Figure 1A ), compared to control stimuli with the same low-level features but that did not induce an illusory figure ( Figure 1B) . The results showed a striking spatial dissociation ( Figure 2A ): neural activity for regions of V1 that corresponded to the illusory figure (but not the Pac-Man inducers; figure region) was enhanced when an illusory triangle was present, compared to when the inducers did not form an illusory figure ( Figure 3A ; p < 0.001). In other words, these V1 regions showed an increased response to the illusory figures, despite the absence of bottom-up stimulus input.
It can be seen that the exact retinotopic location of the activity increase was different for the four triangle types ( Figure 2B ). Indeed, regions of V1 corresponding to specific subdivisions of the figure region (cf. the diagrams in Figures 3A and 3C ) showed a stronger neural response when the illusory triangle overlaid their receptive field than when it did not ( Figure 3C ; p < 0.001). Note that while previous electrophysiological studies of figure-ground segmentation often distinguish between neural activity modulation at the borders and at the center of the figure region [7, 10] , the inherent spatial spread associated with noninvasively measured neural signals using BOLD-fMRI does not allow us to make this distinction.
Interestingly, regions of V1 corresponding to the inducers (inducer region) showed the opposite response: here, the neural response was suppressed when an illusory figure was present, compared to when it was not ( Figure 3B ; p = 0.0015). This decreased response only occurred for inducers partaking in the illusion ( Figure 2) ; the response to the Pac-Man that did not partake in the illusion was not significantly modulated by the presence of an illusory figure (p = 0.60). In other words, when an illusory figure was formed, inducers partaking in it (i.e., those that can be perceived as black circles partially occluded by a gray triangle) evoked a reduced neural response.
There was no effect of the illusory figures in regions of V1 with a receptive field over the nonstimulated area of the visual field that contained neither inducers, nor an illusory figure (''background region''; p = 0.44). All the effects reported above for V1 were also significantly present in secondary visual cortex (V2) (all p < 0.01; Figure S2 ). Due to the well-known increase in receptive field size when ascending the visual cortical hierarchy (which we confirm in our own data; see Figure S1 ), there was no sufficient retinotopic separation of figure and inducer regions for higher-order visual regions beyond V2.
Effects of Shape Perception Are Independent of Spatial Attention
Given that illusory figures have been shown to draw spatial attention [17] and that attention is known to increase neural activity in visual cortex even in the absence of bottom-up stimulation [18] , one may wonder whether the V1 enhancement at the location of the figure may be the result of attentional allocation. To examine this possibility, we manipulated the attentional state of the participants. In separate blocks of trials, subjects participated in a figure task and a letter task. In the figure task, subjects had to detect the presence of an occasional (13.3%) illusory diamond (accuracy = 85.5% 6 4.2% [mean 6 SE]; Figure 1C ), placing their attentional focus on the location of the illusory shapes. In the letter task, subjects had to detect two letters (X and Z; 10%) in a rapidly presented letter stream at fixation (accuracy = 91.8% 6 2.0%), drawing their attention away from the illusory shapes. The effects of shape perception were not significantly modulated by task demands (Figures 2A and S2A) , as indicated by a lack of interaction between task and illusion for either the increased response to the illusory triangle (V1, p = 0.33; V2, p = 0.82), or the decreased response to the inducers partaking in the illusion (V1, p = 0.69; V2, p = 0.88).
Moreover, if the illusory figures were to draw spatial attention, this might be expected to affect behavioral performance. In a control experiment (n = 6; see Supplemental Experimental Procedures for details) in which we withdrew attention from the shapes more strongly, we again found strong effects of shape perception on neural activity in V1, which were not modulated by the difficulty of the task at fixation that subjects were engaged in (see Figure S3) . Finally, the modulatory effects of shape perception were independent of whether the fixation point was on or away from the illusory figure (t 19 = 21.0, p = 0.35) , rendering it unlikely that our results reflect an automatic spreading of attention to the figure region [19] .
Discussion
Shape perception involves the grouping of local elements into coherent shapes. In this study, we examined how this constructive process modulates neural activity in V1, which is signaling the local elements. We found that feedback to V1 could be both excitatory and inhibitory, depending on the receptive field location of the V1 neurons. For regions of V1 representing the illusory figure, neural activity was increased compared to when no illusory figure was present. In contrast, regions of V1 responding to the local elements that induced the illusion showed a markedly decreased response.
According to one influential theory of shape perception, higher-level areas detecting the shape send excitatory feedback to label early visual neurons that encode the features to be grouped [20] . This is supported by results from studies on figure-ground segmentation [1, 7, 10, 21] , illusory figure perception [4, 8, 9, 22, 23] , and contour detection [3, 24] , as well as the enhanced V1 response to the illusory figure reported here. However, suppressive effects of shape perception in early visual cortex, as reported in several other studies [2, 5, 6, 25] and reported here for regions of V1 responding to the inducers, are less readily explained by this theory, as top-down feedback is presumed to have excitatory effects [20] . To accommodate this finding, theories of perceptual grouping could potentially be extended to include differential top-down modulation dependent on whether a figure is perceived as being in the foreground or background [26, 27] .
The current results can be readily explained in the context of generative theories of perception [11] [12] [13] , which cast perception as an inferential process of hypothesis testing. Within this framework, the effect of feedback depends on whether or not it is met with congruent bottom-up input. This (A) BOLD response in regions of V1 corresponding to the inner surface of the Kanizsa display, i.e., with receptive fields that cover the illusory triangle (indicated by dashed squares). Activity was higher when an illusory shape was present (green bars) than when it was not (i.e., in a control configuration, red bars). Fixation trials served as baseline.
(B) BOLD response in regions of V1 with a receptive field on the inducers partaking in the illusion. Activity was decreased when an illusory shape was present (green bars) compared to when it was not (red bars). Fixation trials served as baseline.
(C) BOLD response in regions of V1 corresponding to subsections of the inner surface (indicated by the dashed square), separately for Kanizsa trials in which the illusion covered their receptive field (green bars) and trials in which the illusion did not cover their receptive field (red bars). The example stimulus displays illustrate the regions of visual space probed for the contrast leftward > rightward-pointing triangles; analogous regions were selected for the other contrasts (rightward > leftward, upward > downward, and downward > upward; see Supplemental Experimental Procedures for details). Control trials served as baseline. Error bars indicate within-subject SEM. See Figure S3 for results of a control experiment.
is supported by studies reporting that valid top-down predictions reduce neural responses in sensory cortex [14, [28] [29] [30] [31] [32] , while the unpredicted absence of bottom-up input leads to an enhanced neural response [32, 33] that carries information about the expected but absent stimulus [34] . In line with this, we report reduced responses in V1 when shape feedback is met by congruent input (in the case of the inducers) and increased responses when it is not (in case of the illusory triangle). Neurons with a receptive field on the illusory surface could show enhanced activity either because (1) they are predicted to be active by higher-order areas, (2) this prediction is violated, or (3) both. These potential explanations cannot be distinguished on the basis of the current data [35] , as they would require the ability to separate prediction from prediction error responses in sensory neurons [36] .
One may wonder whether spatial attention is a potential confounding factor in studies of illusory figure perception, given that illusory figures are known to draw spatial attention [17, 23] and that attention increases neural activity in early visual cortex, even in the absence of bottom-up stimulation [18] . In the current study, we tried to carefully control the attentional state of the observers and found no interaction between the effects of the illusory figures and task demands. Additionally, a control experiment wherein we manipulated the difficulty of a distracting task at fixation revealed effects of both attention and illusory figures, but no interaction between the two. In other words, the effects of the illusory figure were present both when the illusory figures were relevant and attended, or fully irrelevant with subjects performing a demanding task at fixation. The highly specific increase in activity in regions of V1 responding to the illusory surface (i.e., in absence of bottom-up input) is in line with reports from studies demonstrating highly specific top-down activations of V1 during working memory [37, 38] , mental imagery [39] , and stimulus expectation [34] . This body of work demonstrates the generative nature of perception, and, potentially, of cognition in general [40, 41] .
The highly specific and opposing effects of shape perception reported in this study have implications for the interpretation of previous studies involving perceptual grouping. For example, McMains and Kastner [42] reported that the effect of top-down attention in early visual cortex was modulated by perceptual grouping, using stimuli similar to those used here. It would be of interest to assess the extent to which these results are driven by suppression of the inducers, excitation of the figure, or both, for the grouped stimuli.
A recent study using a bistable stimulus reported nonretinotopically specific modulations of V1 activity as a consequence of shape perception [43] . This more global (i.e., spatially nonspecific) feedback signal, which may be nonperceptual in nature [44] , has previously also been observed during perceptual decisions about bistable stimuli, potentially in order to stabilize a newly established percept [45] .
In conclusion, our results show that shape perception is an interactive process between higher-order visual areas and V1, wherein activity in V1 is modulated in a highly specific way according to the perceptual hypothesis provided by higher-order areas. Thereby, the current study provides empirical support for generative theories that cast perception in terms of hierarchical generative models.
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